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A B S T R A C T  
Establishing a reliable chronology on the extensive hominin remains at Sima de 10s Huesos is critical for 
an improved understanding of the complex evolutionary histories and phylogenetic relationships of the 
European Middle Pleistocene hominin record. In this study, we use a combination of 'extended-range' 
luminescence dating techniques and palaeomagnetism to provide new age constraint on sedimentary 
infills that are unambiguously associated with the Sima fossil assemblage. Post-infrared-infrared stim- 
ulated luminescence (pIR-IR) dating of I<-feldspars and thermally transferred optically stimulated 
luminescence (m-OSL) dating of individual quartz grains provide weighted mean ages of 433 f 15 Ita 
(thousands of years) and 416 f 19 lta, respectively, for allochthonous sedimentary horizons overlying the 
hominin-bearing clay breccia. The six replicate luminescence ages obtained for this deposit are repro- 
ducible and provide a combined minimum age estimate of 427 f 12 Ita for the underlying hominin 
fossils. Palaeomagnetic directions for the luminescence dated sediment horizon and underlying fossil- 
iferous clays display exclusively normal polarities. These findings are consistent with the luminescence 
dating results and confirm that the hominin fossil horizon accumulated during the Brunhes Chron, i.e., 
within the last 780 lta. The new bracketing age constraint for the Sima hominins is in broad agreement 
with radiometrically dated Homo heidelbergensis fossil sites, such as Mauer and Arago, and suggests that 
the split of the H. neanderthalensis and H. sapiens lineages took place during the early Middle Pleistocene. 
More widespread numerical dating of ltey Early and Middle Pleistocene fossil sites across Europe is 
needed to test and refine competing models of hominin evolution. The new luminescence chronologies 
presented in this study demonstrate the versatility of R-OSL and pIR-IR techniques and the potential 
role they could play in helping to refine evolutionary histories over Middle Pleistocene timescales. 
Introduction 
The endolcarstic system of the Sierra de Atapuerca, north-central 
Spain, comprises an extensive network of cavities, passages and 
galleries spanning more than 4.7 lcm (Fig. l ) .  The 50 or so sediment- 
filled cavities explored to date have yielded an unparalleled archive 
of Early to Late Pleistocene hominin remains, lithic tools and 
associated fauna1 assemblages (e.g., Arsuaga et al., 1993, 1997a, 
1999; Carbonell et al., 1995; Carbonell, 2008; Berlniidez de Castro 
et al., 1997, 1999; Cuenca-Besc6s et al., 2010; RodrEguez et al., 
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2011; 0116 et al., 2013). One of the most prolific palae- 
oanthropological sites discovered at Atapuerca is Sima de 10s 
Huesos or the 'Pit of Bones' (herein abbreviated to 'Sima'), a small 
phreatic chamber in the lowest level of the Cueva Mayor-Cueva del 
Silo lcarst system, located >500 m from the cave entrance of Cueva 
Mayor and -35 m below the present-day surface (e.g., Arsuaga 
et al., 1997a; Ortega et al., 2013) (Figs. 1 and 2a and b). The site is 
renowned for its unique accumulation of hominin fossils (Arsuaga 
et al., 1993,1997a,b), which totals more than 6500 remains from at 
least 28 individuals (Bermfidez de Castn, et al., 2004) and repre- 
sents -80% of the global Middle Pleistocene fossil record for the 
genus Homo. This fossil collection grows in number with every 
excavation season, providing new opportunities to assess intra- and 
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inter-population variability in the Middle Pleistocene hominin re- 
mrd (e.g., Arsuaga et al., 1997b,c; Lorenzo et al., 1998; Martincin- 
Torres et al., 2006, 2012). The Sima hominin assemblage is also of 
importance for understanding the o@ins of the Neanderthal 
lineage since the fossils display some Neanderthal traits and have 
been cited as evidence for a Horno heidebergensis-H~ma neun- 
derthalensis continuumin Europe @.g, Arsuaga et al., 1993,1997a,b; 
Rosas, 2001; Bermfidez de Castro et al., 2004; Hublin, 2009; 
Martin6n-Torres et al., 2012). Debate continues, however, over the 
phylogenetic relationships of Early to Middle Pleistocene hominin 
populations, and the nature and timing of evolutionary divergences 
in the Eurasian hominin lineage (e.g., Arsuaga et al., 1997b; Endicott 
et al., 2010; Dennell et al., 2011; Stringer, 2012; Bermfidez de Castro 
and Martin6n-Torres, 2013). Establishing unequivocal age 
constraint on the Sima fossils is therefore critical for understanding 
the palaeoanthropological history and palaeoclimatic context of 
this site and has broader implications for evaluating competing 
models of Middle Pleistocene human evolution. 
Reliable dating of unheated sedimentary material within Middle 
Pleistocene karstic cave systems remains a challenge for many 
geochronological techniques. Two approaches that offer good po- 
tential for establishing age control in such settings am palae- 
omagnetic reversal dating and luminescence dating techniques. 
Palaeomagnetic dating has been extensively applied to the endo- 
lcarstic infill sequences at Atapuerca (e.g,, Parks and PCrez- 
Gordlez, 1995, 1999; Pares et aL, 2000, 2006, 2010, 2013) and 
has been integral in establishing a Lower Pleistocene age for the 
Homo antecessor fossils at Sima del Elefante and Gran Dolina 
[Carbonell et al., 1995; Carbonell, 2008). Luminescence dating 
techniques, particularly single-grain optically stimulated lumines- 
cence (0%) dating of quartz (eg., Murray and Roberts, 1997; Duller, 
20081, are increasingly being used to date Late Pleistocene 
archaeological deposits in cave and rock shelter settings (e.g., 
Bowler et al., 2003; Bouzouggar et al., 2007; Petraglia et al., 2007; 
Jacobs et al., 2008; Armitage et al., 2011). However, conventional 
quartz OSL methods are limited in their application to Middle 
Pleistocene sites because the main signal used for dating (the so- 
called 'fast component" becomes saturated with respect to radia- 
tion dose over longer timescales. Dose saturation effects typically 
impose a practical upper age limit of - 100-200 ka (thousands of 
years) for quartz OSL, depending on sample-specific luminescence 
properties and the specific activities of radionuclides in the sedi- 
mentary matrix. Nevertheless, the last decade has seen the emer- 
gence of several 'extended-range' luminescence dating techniques 
that make use of alternative luminescence signals with significantly 
higher dose saturation limits (e.g., Fattahi and Stokes, 2000; 
Singarayer et al., 2000; Huot et al., 2006; Wang et al., 2006a,b; 
Jain et al., 2007; Thomsen et al., 2008). 
Two such extended-range luminescence dating techniques offer 
particularly good potential to ciramvent conventional OSL re- 
strictions at Middle Pleistocene sites such as Sima de 10s Huesos: 
namely, thermally transferred OSL dating of quartz (TT-OSL; Wang 
et al., 2006a.b) and post-infrared-infrared stimulated luminescence 
dating af K-feldspars (pIR-IR; Thomsen et al., 2008; Buylaert et al., 
2009). Thermally transferred OSL is the light-sensitive signal 
observed following initial depletion of the main OSL signal and 
application of a preheat treatment to induce a transfer of charge 
into the conventional quartz dating trap (e.g., Duller and Wintle, 
2012). The pIR-IR dating method has been developed out of at- 
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Figure 2. Overview of the Sima de 10s Huesos site and sampling exposures. (a) Plan 
view of the site showing the luminescence dating and palaeomagnetic sampling lo- 
calities. (b) west north-west to east south-east longitudinal transect across the Sima 
chamber, Sima ramp and Sima top sections. (c) Generalised stratigraphic sequence 
showing the I<-feldspar (pIR-IRZZ5) and quartz (single-grain R-OSL) luminescence ages 
obtained a t  SRB and SRM. The inferred geomagnetic polarity zones (black = normal; 
white = reversed) are based on the new results presented in this study and the pre- 
viously published results of M&etul. @ M O ) .  AU and LU = allostratigraphic units and 
lithostratigraphic units. 
tempts to circumvent the problem of anomalous fading in feldspars 
(i.e., unexpected signal loss relative to predicted electron trap 
lifetimes), which causes apparent age underestimation (Spooner, 
1992,1994; Huntley and Lamothe, 2001). The pIR-IR approach in- 
volves measuring an elevated temperature infrared stimulated 
luminescence (IRSL) signal immediately after performing a lower 
temperature IRSL bleach (e.g., Thomsen et al., 2008), with the aim 
of accessing distant electron-hole pairs that have low probabilities 
of tunnelling recombination during burial. Both TT-OSL and pIR-IR 
have been used to derive accurate ages over Middle Pleistocene 
timescales across a range of depositional contexts (e.g., Wang et al., 
2006a; Sun et al., 2010; Jacobs et al., 2011 ; I<ang et al., 2011 ; Thiel 
et al., 2011; Buylaert et al., 2012; Li and Li, 2012; Lowiclc et al., 
2012; Roberts, 2012; Vasiliniuc et al., 2012; Arnold et al., 2013; 
Rinlc et al., 2013). There are also a growing number of reliable 7T- 
OSL and pIR-IR dating applications in potentially complex archae- 
ological cave or roclc shelter settings (Gliganic et al., 2012a,b; 
Piclcering et al., 2013; Rink et  al., 2013; Sun et al., 2013). 
Here we present new luminescence dating and palaeomagnetic 
results for sedimentary infill deposits that are directly related to the 
hominin fossils at Sima de 10s Huesos. The main aim of the study is 
to provide a more reliable, bracketing chronological frameworlc for 
the hominin assemblage using a multifaceted dating approach. For 
the luminescence dating analyses, we have opted to use both 7T- 
OSL and pIR-IR techniques in tandem. This dual approach pro- 
vides us with two semi-independent chronological datasets for 
different mineralogical components of each sample, thereby 
enabling internal checks on dating consistency and affording added 
robustness in the final ages. The resultant chronologies are dis- 
cussed with respect to methodological considerations and other 
age constraints established at the site. We also examine the broader 
compatibility of our ages with other well-dated ancestral Nean- 
derthal sites across Europe and with genetic divergence estimates 
for the Middle Pleistocene hominin record. 
Site description and sample details 
Details of the Sima de  10s Huesos stratigraphy have been pub- 
lished previously in Arsuaga et al. (1997a) and Bischoff e t  al. (1997, 
2003,2007). A revision of the sedimentary record will be presented 
in a forthcoming manuscript (Arsuaga et  al., submitted), as part of 
an accompanying study to the present chronological research. The 
latest sedimentological interpretations, which focus on a more 
quantitative analysis of spatio-temporal relationships among 
different horizons and exposures, enable identification of twelve 
distinct lithostratigraphic units that can be grouped into five 
allostratigraphic members, each delimited by erosive contacts. 
Fig. 2c summarises the generalised stratigraphic column of the site 
according to the new classification scheme. In brief, the sedimen- 
tary sequence consists of re-deposited basal Miocene marls and 
well-sorted fluvial sands and silts, overlain unconformably by 
sterile red clays (lower red clays), red clay-silts containing hominin 
and carnivore bones (upper red clays) and clay-silt breccias domi- 
nated by bear bones and lithic clasts (caf6 con leche unit) (Fig. 2c). 
Continuous speleothems and broken, isolated fragments of flow- 
stones are found above the basal marls and fluvial sands and silts 
(LU-2, LU-4), within the upper red clays (LU-2, LU-4) and interca- 
lated with the clay-silt breccia horizons (LU-8). The whole sequence 
is sealed by an expansive flowstone (Colada or LU-10) and capped 
by a clay breccia unit containing distinct bat guano horizons. 
Excavations have been conducted in three interconnected areas 
of the site: (i) Sima ramp (SR): a 9-m long linear chamber with a 
surface inclination of -32"; (ii) Sima top section (ST): a shorter, 
-1.5 m horizontal exposure found at the top of the ramp and 
Figure 3. Photographs of the Sima de 10s Huesos sedimentary sequence, showing locations of the four luminescence dating samples (blue circles) and a selection of the palae- 
omagnetic samples (transparent cubes). (a) Exposure SRB. Orientation NE (left) to SW (right). The red circles indicate occurrences of carnivore bones, and the stratigraphic boundary 
between the caf6 con leche and red clay breccia is highlighted by green circles. (b) Exposure SRM showing the luminescence dating sample positions in the caf6 con leche horizon. 
Orientation NE (left) to SW (right). Distinct clusters of Miocene mar1 aggregates are visible in the upper layers of the caf6 con leche horizon (at the same depth as SH12-3A) and in 
the underlying upper red clay breccia (bottom left). (c) Capping clay breccia and guano horizons found overlying the continuous flowstone at SRM. Orientation NW (left) to SE 
(right). (d) Palaeomagnetism site SH2 (SH(T-17)) next to the northern cave wall. Palaeomagnetic sample positions are shown in the upper red clays, which contain abundant 
hominin fossils Orientation N (left) to S (right). (e) Palaeomagnetism site SH3 (SH(Rl6)). Samples were collected from gradational lower to upper red clay horizons. Orientation E 
(left) to W (right). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
immediately below the 13 m vertical entry shaft; and (iii) Sima individuals are found dispersed throughout different sectors of the 
chamber (SH): a small, 32 m2 terminal chamber at the base of the Sima chamber and ramp (e.g., Arsuaga et al., 1997a; Bischoff et al., 
ramp, from which the vast majority of hominin and fauna1 remains 2007). The spatial distribution of these bones provides confidence 
have been recovered (Fig. 2a and b). Hominin bones from the same that the chronology established on individual exposures of 
sedimentary infill are directly applicable to the main fossil accu- 
mulations found in the SH chamber. 
Four luminescence dating samples were collected fmm two 
excavation exposures at Sima de  los Huesos (Figs. 2 and 3). One 
sample was taken from exposure SRB, a - 1.5 m deep excavation 
trench located directly adjacent to the main Sima chamber at the 
base of the inclined Sima ramp. The remaining three sampks came 
from exposure SUM, a similarly sized trench located -5  m to the 
southeast of SRB and midwav alonz the inclined Sima r a m .  
Luminescence dating samples were collected from cleaned expo- 
sures at SRB and SRM usillp onaow WC tubes and were wraooed in 
- .  . . . 
light-proof bags for transportation and storage. Bulk sediment 
i m p k s  were a ~ w  collected from the surrounding few centimetres 
of each sample tube for dose rate determinatian and water content 
analysis. 
Samples SHl2-IA. SHl2-2A and SHl2-3A were collected from 
the dark vellavish brown cafe con kche clay breccia horizon. 
which contains abundant bear bones at SRB and SUM. Isolated 
hominin bones are alsooresent in the cafb con leche dewsits atSRB 
but these are thought to have been rewarked at the time oldepa- 
sition from the underlying hominin-bearing red clay breccia (upper 
red clays). Sampks SHl2-lA to SH12-3A provide minimum age 
estimates for the main archaeological horizon found below the caK 
con leche horizm. ~uminesceucedating samples werenot collected 
directly from the fossiliferous red clays because these units contain 
relatively Low yields of suitably sized silicate minerals and are 
wtentiallv derived from material that infiltrated slowiv throueh 
iissures inthe lx?drock, meaning that the arains mav not iave &n 
exposed to external daylightimmedia~ely to deposition 
SamDle SHl2-lA was collected from cafe con leche deoosits. found 
33 cm below the -5  cm-thick capping flowstone (Cokda) at SUB 
and 13 cm above the contact with the underlying hominin-bearing 
red clay bmcia. Samole SHl2-2A was taken from the lower cafe 
con leche depsits  at SRM. 43 cm below the -10 m-thick capping 
flowstone and 5 cm above the underlvine fossilifemus red clav 
< 
deposits. Sample SH12-3A was collected 40 cm to the right and 
30 cm above SHlZ-2A, along the western [sac@ of SRM and 15 cm 
below the capping flowstone. This sample was taken from the 
upper part of the cafe con k h e  mud breccia, which contains a 
distinct horizon of greenish white, carbonate-rich, alhchthonous 
Miocene mar1 pods (Bischoff et al.. 1997) (Fig. 3b). Sample SHl2-4A 
was collected 106 cm to the left of sample M12-2 from a 40 cm- 
thick layer of dark yellowish-brown cky overlying the capping 
flowstone alone the northernwall of SRM. This unit is interbedded 
with several <i cm-thick dark brownish-blskbat guano haizons 
and contains modern rodent fossils (Cuenca-Eesc6s et al.. 1997). 
This unit shares similar sedimentological properties (colour, 
texture, structure) to the caM con leche deposits but is devoid of 
bear bones. Sample SHl24A was taken from the base of this 
capdng clay breccia. 5 cm above the contact with the flowstone 
.. - .
and 5 cm below a prominent guano horizon. Uranium series and "k 
axes obtained on the immediatelv underlvinn flowstone (Eischoff 
e; al.. 1997) indicate that the SH-12-4 sediments were deposited 
sometime after 18-68 ka. 
The poorly sorted, massive nature of the cafe con leche accu- 
mulations, together with the wesence ofwell-rounded pebblesand 
conglomerate lkagments sourced from nearby surhcial Miocene 
dewi t s ,  indicates emplacement c# these allochthonous units bv a 
(&es of) high-energy, debris flow event(s) originating from ;he 
cave exterior lArsuaea et al.. 1997al lmoortantlv. the cafe con leche . . 
deposits display some shared mineralogical and sedimentolog~al 
prowrties with the sub-aerial surface deposits adorning the sur- 
rounding hillslopes (e.g., Eischoff et al.. 1997; Arsuaga et al.. 
ted), revealing a likely aeolian origin for the siltsized silC 
,ins being dated in this study before tlwy were washed inw 
the cave. From a luminescence dating perspective, high-energy 
. .  . 
transportation within the cave syst@m is advantageous because-it 
sknificantlv reduces the chances that the car6 con leche sediments 
siffered pmtrsted residency times or punctuated re- 
transportation episodes within higher parts of the endakarst 
complex pior  to their final deposition. It seems improbable that 
there would have k e n  sufficient daylight exposure to reset 
(bleach) the previously accumulated luminescence signals of all 
sediment grains during these hi*-enerm debris flow events. 
However, the awlian source sedi-nts lromwhich these mudflow 
deoosits were derived are likelv to have received orolonned and 
direct sunlight exposure prior to entrainment and transportation 
into the cave. Providing that the source sediments had accumulated 
relativelv recentlv before beine washed into the cave (i.e.. 
m m ~ r i d  with irhe expected ~ i d h l e  Pleistocene ages of the Simi 
archaeoloeical denosits). it s e e m  reasonable to assume that the 
cafe con &he sedjmenfi could have been fullv bleshed at depw 
dtion, or else retained only very minor residual luminescence 
sienals. Indeed. Bereer et al. 12008) demonstrated that the oresent- U 
day surface sediments surrounding the Atapuerca endokarst sys- 
tem have very low residual IRSL signals of 0.8-19.3 Gy (average 
multi-grain aliquot equivalent dose (De) = 3.2 f 1.3 Gy: n = 6). If 
similar surface sediments were washed into the caves in the past, 
they would have only yielded residual ages 010.3-611 ka, which 
would be effectively inconsequential over the Middle Pleistacene 
burial timescales considered here. To directly test the assumprion 
that the natural nlR-IR and TT-OSLsienalsof the caf6 con kche Sima 
samples could Gave been adequateGbleached prnr to their arrival 
in the endokarst system, we collected a modem sediment sample 
from the hillslope located directly outside t k  entrance to Cueva 
Mayor (El Portalon). While the geological provenance of the quartz 
and feldspar grains in this modern sample may not nmssarily 
match that of the orehistoric Sima deposits, the samole does 
represent a useful analwue for the geomirghic and mansportation 
historv of the clav breccia sediments beine dated in this studv. < U 
A total OE 105 oriented nalaeamametic samples were collected 
from sedimentary clay ho;izons andflowstonis at eight localities 
within the main Sima chamber and alone the inclined Sima ram0 
(Table 1. Figs. 2 and 31. Thirtv-three Isediment samples weie 
collected fmk the hominin-bearing upper red clay horizon at ex- 
oosures SHlT17) and SHIR171, located alonz the northern and . . , .. 
southern walls of the main Sima chamber, respectively, and at 
exposure SRA, a l-m trench located at the head of the Sima ramp. 
The underlvim sterile lower red ckvs were samled at an adiacent 
exposure along the north@m wall i f  the main chamber (SH(TIGJ. 
and an additional 18 samples were collected from gradational 
zones spanning the base of the upwr red ckvs and top of the lower 
red cl& in &avation squares S ~ R I I )  and J H ( R I ~  The overlying 
cafe con l@che clav breccia deoosits were samuled a t  excavation 
trench SRT ( ~ i m a i a m  ~enerife or excavatiM w a r e  SHIK22)). 
which represents a laterally correlative exposure of SRB along the 
southwest marnin of the inclined Sima ramo. TwenN-four samoles U 
were collected from two flowstones preserved at exposure SR9: 
speleothem W-10, which caps the entire sedimentary sequence, 
and sueleothem W-S, found overlvina in situ cafe con kche de- 
gositi Eleven samples were also coiecied from a large flowsmne at 
the adjacent exposure of V, which comprises three generations of 
swleothem denoted 5T-a. ST-b and =-c. Swlenthems g - b  and ST-c 
mrrespond to the lower and upper partsof speleothem SRA-3 re- 
oorted in Eischoff et al. 12003. 2007). In these earlier studies. SW- 
. . 
lenthem SRA-3 was interpreted as being correlated to flowstone 
W-8 at SRA, which ckariy overlies the fossiliferous layers. How- 
ever, with submuent excavations and more detailed stratimaohic 
and gerrographi~analysis. it is now clear that both speleothem'Sr-a 
and the lower part of SRA-3 (ie.. ST-b) correspond to LU-2 at 
I* l 
Palaeomagnetk data s u m a i y  for the sima de bs Hueras samples. 
Pal-magnetism Site reference Sedirneneiy unit Sampk depth D.% Inc a95 K */N 
reference (m) (derneerl (derniepr) Iderneer) 
SH1 SH(RI1) Lower/upper red clay5 a 2 0  3422 5aS 12.4 30 q 8  
SH2 SH(T-17) Upper red clap a 3 0  3 5 9 1  57.7 1 7 3  20 517 
SH3 SH(R16) Lower/upper red clay5 0.50-a80 3.6 58.7 13.6 15 9/10 
SH4 SH(R17) Upper red clap 1.10 8 8  634 10.4 42 q 8  
SH5 SW161 Lower red clays 0.69 5 5  53.1 8.4 65 W10 
V16 SFX(KZ2) Caf6 can lwhe clays 0.20 357.3 61.7 4 1  45 719 
M1 SRA Upper red clgs  0.30 359.0 59.8 5.2 52 17/18 
m1 SRA W-10 and W 8  (lawstows 0 1 ~ 4 . 5 0  11.8 61.6 3.9 62 23/24 
m 2  si W-2 fincludmg s p a ,  b) and am-a20 351.9 63.1 8.5 38 9/11 
W-8 ( S r i )  flowstones 
m: Declination, Inc: Inclination, asr: Radius 0195% confidence: k: flsher parametet n/N: n u m k r  of ured/measured specimens. 
exposure SRA, and therefore underlie the red clay horizons and the 
sand and silt horizons in the revised lithostratigraphic scheme 
(Fig. 2). Onty the upper portion of SRA-3 (ie., ST-c) can becorrelated 
with LU-8 at moosure SRA. as detailed in the new stratixraohic 
- .  
scheme of Arsuaga et al. (submitted). In addition to collecting the 
main samples for d@termining magnetic polarity, we also took 
ancillary sediment samples at each sampling locality for rock- 
magnetism measurements. 
Clay horizons were sampled for palammagnetic dating using 
standard 8 cm3 cubic boxes. The s@dim@ntaw facies a t  SH. SRTand 
SRA were all soft enough to allow the sampling boxes to be gently 
oush@d into the emosures and extracted usinz a ceramicknife after 
recording the azimuth and dip. Flowstone samples were collected 
procedures ( ). Separated fractions of quartz and K- 
feldspar grains were ercned with 48% hydrofluoric (HTJ acid for 
40 min and 10% HFacid for 10 min, respectively, to remwe their 
alphbirradiated external layers. llrermally transferred OSL and 
plR-IR measurements were made using the same experimental 
apparatus described by Arnold et al. (2013). Ultraviolet OSL emis- 
sions from quartz were detected using an EM1 9235QA photo- 
multiplier tube fitted with 7.5 mm-thick Hoya W340 filters. 
Potassium feldspar IRSL emissions were detected in the blue region 
of the spectrum using a combination of 3 mm-thick BC39 and 
4 mm-thick Coming 7-59 filters. Samples were irradiated with a 
mounted %/90~ beta-source that had been calibrated to admin- 
ister known doses to multi-grain aliquots and single-grain discs. For 
at SRA and 51' using a portable electric drill equipped with a l-inch single-grain masuremnts ,  spatial variations in beta dose rates 
non-magnetic drill bit Following collection and trans~ortation, all across the disc dane were taken into account bv undertakin~ hole- 
palaeo&agnetic samples were-stored in a hboramry coaler to 
prevent water Loss and other post-sampling alterations. Core 
samples were s l i d  into standard 2.1 cm-lang specimens prior to 
measurement 
Luminescence daring procedures 
In the laboratory, quartz and K-feldspar grains of 90-125 wm 
and 125-180 um diameter were extracted from the un-illuminated 
centres of the! PVC tub? samples under safe (dim red) light condi- 
tians and prepared for burial dose estimation using standard 
Tabk z 
Smde-allouot reneneratmdose (SARI ~rocedurer used far D. detemmatuon 
specific calibraiions using gammbirradiated qiartz. 
Laboratory bleaching studies have revealed that natural K- 
feldspar plR-IR signals are reset relatively rapidly by simulated 
daylight, albeit an order of magnitud@ slower than forconventional 
quartz OSLsignals, i.e.. initial signal intensities are depleted by over 
90% within several tens of seconds to several tens of minut@s usinn 
a SOL2 solar simulator (depnding an drrrke ufprehea tandp l~- l~  
stimulation temoerature. e.e. Thomsen et al.. 2008: Buvlaert et al. 
. " 
2012). In the pre&nt study.we have plR-IR stimulation; 
at 225 "C following a preheat of 250 "C for 60 s (i.e.. a plR-IRaas 
procedure). Modem samples from a range ofwell-bleached awlian 
deposits typically display relatively law residual doses on the order 
o fc5  Gy for plR-IR225 pmcedures (e.&, Euylaert et al.. 2011), and up 
a: Multeerain aliquot nlR-IR SARnrmedure b: Sinzle-nain IT-OSL SAR nmcedure 
T r e m e n t  Signal Step T r e a t m t  Sinal 
1 Dose (natural or laboratory) 1 Dose (natural or laboratory) 
2 Reheat 1 (250'C lot 60 S )  2 Preheat 1 (269'C for 10 S)  
3 IR ~ t im~la t lon  ( M  T for 2W 5) 3 Siwle-grain OSLstimulation (I25 'Cfor 3 S) 
4 pIR-IR rtimulati~n (225 -C for 2 M  S )  L. or L, 4 Preheat 2 (269 'C for 10 S) 
5 Test dme ( I M  Gy) 5 Single-grainTT-OSLrtimulation (125 ICfor 3 s) I, or& 
6 Reheat 2 (250 for 60  r) 6 OSL rtimuiation (280 91 for 4 M  S )  
7 IRrtimulation ( M  'C fw 2W r) 7 Tertdore(2m ly) 
8 pIR-IR rtimulati~n (225 -C for 2 M  S) To or T, 8 Preheat 3 (220 'C for 10 S) 
9 Repeatmeasurement q c k  for different sized regenerative dares 3 single-grain OSLstimulation (125aCf01 3 S) 
I 0  Preheat 4 (260 for 10 S)  
11 single-grainn-OSLstimulation (125 ~Cfor  3 S )  T. or T, 
12 05L stimulation (290 'C for 4 M  S )  
13 R e m t  measurement cycle for diWerent 
sl& regenerative doses 
EaChSARmeBUrement CyclewasrepeatedPorthe naturaldore, threemfour dillerent sieed regenerative doss ,  aOGyregenentive-dose(tumearuresklg~lrecupera~on) a d
awpliateolthe%stregRlerativedose cyck(marsss  thesuitabililyofthe tert-dosesensitivi~ correction). In me case olthc smgle-grainn-O5L5ARpm&ure, the OSLIR 
depletion ratio oIDuller (2003) wasmedsuredsepnatdyand usedmchfflt b r  theprerenceolfeMs~rcontamimD.L,= regenerative-dose signalrerponse: L, = n r u r d -  
dose signal r s p n r e ;  T, = test-dore signal revome for a laboratrwy dose cycle: Tn = testdose signal response far the natural-dore cycle 
E n u r m m t a l  dare rate d& h r  &%am & l~ H u e s ~  l u m -  datmg-ler 
Sampk S m p k  Gram Water Radmnwkdc spectfic m s  [Eq/lyrP4 Envlromnenral dare rate (cy /h )*  Total dose Total dose 
depth content 
m ~ a  nuua 22% l°K Befadose G m d o s e  cmm~~dope  lntemaldosc Internaldope rate (m) (W) [X? taw raw ratee rate ~ouartel' rate [~-kbispar)i iq-ldh ( ~ r e l d % p a f ) ~ ~  
. - . .- . . . . ... . .,
SH124.4 0.35 90-129 28 16 M A 6 8  3 1 6 & 3 8  31.1 & L 6  3 8 9 1 3 3  3 9 Q i  18 406131 13.9 1.14iO.D7 0.63i0113 M 1  1 0 W l  0 m i  0.01 0 A 9 i 0 0 4  180+a13  226+a14 
SHYZ-3A 0.53 W 1 2 5  22 +4 3611 i 48 386+  L7 al+ Q8 351 + UI  35.6 + 2 6  3673 + 12.5 1-11 4 0.W 0.66 A M 3  M 1  + OM1 0.m 1 0.01 DA9i 0.M 1.80 l all 226 l a12 
s~1z-a a83 m-125 26 + 5 32.5 1 4.4 3112 + 21 30~1  a 5  379 1 U 336 & 2.7 3769 -t 12.8 1.08 & 0.06 0.62 1 0.03 DJII OMI am + o.m o49 & 0.04 1.74 1 a12 2.20 + a12 
Held ~Tcrcimlmt expressed a % of dry nnas arminera1 @action wkh an asJlgned ?el& uncertainty of &2C% 
Measuremts made on dried and powdered %ample$ by high-resolution gamma-rw ipecmrmetfy. 
Gammadoaeratn were calculated tromin situ meacurcment! made at each smq!kpw!llan Mtha NaI:Tl detectar,udngthe'entrgy windom' spprwrh derailed in Arnold et d. (ZOlZb). Beta d a e  r a t e  wee calculated 
uringa R i  GM-255 lwrkwl beta counte (Bsnet-@men and Mejdahl, 1988). aRa malring allowance for beta dose attenualmn Buefogr#ln slee eiTecWend H5 ekhimg (Brennan, 2003). 
h d i m d d e  mncenbafhm and rpcGzz6ul l ies hruc b e e a d  to dwe rater uhmgtbe ronwnan h n @ w n  in W r i n  et a1 (201 1) a d  Readhead (2a12), m a k i n p h a c e  fm bw-dme attenuation(Mejdah1, 
1979: Brennan, 20031. 
Cauni-ray d m  rater w a e  Ealculated using the appoacb of Prercott a d  Hutmn (1994) and arr-wed a rela6ue u n d n l y  of+lC% 
' &rum4 internalalpha+ bmdoserate ior q u a m w i m a n a a i & r ~ . ~ 9 ~ ~ f U [ P 6 ~  ~edrmi~icmuandu'rhcontentrpublirhedbyMejdah1(1987), Bowler et al. (2003),Jacobr etal. (2006)and Pawley 
et al. (2008). andan o-ualue o iO .Mi  0111 [Reerloner, 1995: Rees-Jons and Tih., 1997) 
8 Assumed internal elbrpar dare rare.rnternalmKand a'Rbconcentrario~ were esthnatedas being 12.5 i D.%(Hundq and U u i l .  1997)and4W+ lm ppm [Huntley and Hancock, 2001h respectively, yieldlng aninternal 
beta dose rate ofa43 + am Gy/h mt UR SW125 pm K-feldspar grainr. An addilonal internal alpha + befa dwc rate of ID3 + &a3 Gyfh has k n  calculated using assumed intfihslc W and U% mncentraUans of 
D.l5+UWppmandru5iOmppm,wpe&br(loUawingMejdahl, 1987; Huntley andclague, 1996: Huntlqand Lian, 199% Alappatetal., 2010handana-valueofMB+ 0.03 [followingRee+jones. 1995: l nn~and  Weper.  
1997: Banerjee et al.. 2001: Lang et al.. 2D03: Berger et al.. 2008: Feathers stai., 2012). 
1 total uncetmkty (68% conMence interval], cakulatcd as UR qu+tatksum b b w d o m a n d  s y s l ~ ~ t l e  us rtalntiej. 
to several tens of Gy for plR-IR stimulations performed at 2% "C 
following a preheat of 320 "C for 60 s (i.e.. a plR-IRzw procedure) 
(Euylaert et al.. 2012). Together, these results suggest that 
unblexhable/thermally tlansferr@d residual plR-IR signals are un- 
likely to yield noticeable age inaccuracies for most Middle Pleis- 
tocene age samples and that the use of multi-grain aliquot dating 
procedures is nominally suitable in the pres@nt depositional 
context 
Unlike plR-IR signals, natural quartz 1T-OSL signals have been 
shown to bleach wry slowly (Duller and Wintle. 2012). takng on 
the order of several weeks to be depleted by >S&%% in solar 
simulator experiments (eg, Tsukamoto et al.. 2008; Porat et al.. 
2009) and sevefal months to be significantly depleted by natural 
daylight (e.g.,Jacobs et al., 2011; Arnold et al.. 2013). SuitablylowD, 
residuals of a few tens of Cy have, however, been recorded in well- 
bleached modern samples (Duller and Wintle. 2012). The slowly 
bleaching nature of the TT-OSL signal dictates that there is greater 
potential for insufficient signal resetting (and concomitant age 
overestimation) in most deplsitwnal settings when using multi- 
grain aliquot TT-OSL approaches. For this reasan, we have 
cautiously chosen to use a singk-grain 1T-OSL dating procedure in 
the present study, which ensures that any partially bleached grain 
populations can be identified more reliably and h a t e d  with an 
appropriate statistical model in the final age calculation. The po- 
tential for applying single-grain TT-OQ dating procedures to Mid- 
dle Pleistocene deplsits from the Sierra de Atapuerca is greatly 
enhanced by the inherently bright OSL signal intensities of quartz 
from the upper Duero Basin [Arnold et al.. 2Ol2a), and this 
approach has been recently used to reliably date nearby Middle 
Pleistocene fluvial terrace deposits in the Pico valley (Arnold et al.. 
2013). Single-grain TT-OSL ages obtained in the study of Arnold 
et al. (2013) were in good agreement with an associatei single- 
grain OX 'supererain' age, as well as with a series of suartz E5R 
iges  o or end et-al.. 20i2j. 'll. ages and palaeomagnetic polarity 
results (Eenito-Calvo et al.. 2008) for bracketing fluvial terraces. 
Quartz and K-feldspar D, values were determined using plR-IR 
and 1T-OS1 versions of the single-aliquot regenerative-dose (SAR) 
procedure (Murray and Wintle. 2000) shown in Table 2. In these 
SAR protocols, sensitivity changes are corrected for by measuring 
the TT-OSL/plR-IR signal response toa test-dose (T,) given alter the 
natural (L,) or regenerated ( L )  m-OSUplR-IR signals have been 
measured Sensitivity-corrected luminescence responses are then 
determined by dividing the natural and r e g e n e r a t & ~ ~ - ~ ~ ~ / p l ~ - l ~  
intensities bv their respective test-dosesignal intensities tL.iT* and 
. .- .. 
LIT,, respectively). ~u i the r  details of the &R procedures, including 
dose-recovery validation tests and qualily assurance criteria used 
to eliminate unreliable grains and aliauots, are provided in the 
Supplementary Online Material (SOM) - 
Environmental dose rates have been calculated using a combi- 
nation of field namm-rav sp@ctrom@trv and low-level beta 
counting (Table 3 ) .  ~i~h-r&oiution gamma spectromehy was 
additionallv wrformed on each of the luminescence dating sam- * .  
ples to assess the present-day state of secular (dis)equilibrium in 
the and Z32~hdecay series. Full details of the pro&dures used 
to calculate the environmental dose rates for the auartz and K- 
feldspar fractions are provided in the SOM. 
Mlueomagnetic dating procedures 
Palaeomagnetic analyses were carried out at the Palae- 
ornagnetism Laboratmy of the Centro Nacional de  lnvestigacidn 
sobre la Evoltxibn Humana (CENIEH). Burgos. Spain. ~ e a s u r e -  
ments of the Na~ralRemanentMagnetisation, and its decav during 
demgnetisation, were carried o i t  on a ZG ~nterprixs-755-4k 
Superconducting Rock Magnetometer, housed in a low-magnetic 
0 400 800 1200 IIOO~ 
Dose (Gy) 
-Natural 
-450Gydose 
0 
0 50 100 150 200 
Stimulation time (S) 
0 0.5 1 1.5 3 
Stimulation time (S) 
E 200 
0 
0 0.5 1 1.5 3 
Stimulation time (S) 
U- 4. Beprermtatiw pIR-IR,, and TLOSL decay cu- for the SHIZ lurniner- 
cence dating rarnpler The inset plas  show correrpondingrensiti~iry~<~cmted d- 
mpnre  m m  for earh aliquorjgrain lbe own circller on me inset ploty-ares denote 
the sensitiwity~cormttd natural plR-lRui or TT-DSL signals, and the renritiwlty~ 
corrrctcd regenerated plRIRur and TLoSL signals are shown sr RIkd circlcr. ( 2 )  
-350-grainK~lcldrpar alquorofsampkSH12-IA. [h) mart2 grain from sample SH12- 
3A with an aurage TI4sL signal (it., Jm = 100-500 muntsp.17 S). (c) Quartz grain 
horn sample SHIZ-IAwith a nlatbetg bright TT-DSL S&al (T, > l000 counts/0.17 S). 
lhe 200 Gy decay curves shown in (b-c) repwrm tert-dmelTDSL rerponrer 
environment and created using a set of large Hehnholtz coils. The 
magnetometer has a built-in degausser for alternating field (AF) 
demagnetisation up to 170 mT. Thermal demagnetisation appa- 
ratus indudes a TO-4SSC oven (AT Scientific). Hysteresis and 
isothermal remanent magnetisation (IRM) curves were obtained 
with a Princeton Measurements Corporation Vibrating Sample 
mnmmp*rmM1 
~ ~ 1 2 4  03 3 ~ 1 ~  2 6+ air M G [ ~ S T - )  i l j i z  Ba* 0.11 4 m  a l l 8  
SnY&X4 D33 90-125 U S &  &iZ MG[3SDgr-] l2f lZ 1 1 9 &  aW W & l 4 1  
SH12-2A 033 nu-12s 22Q1 m u  MG[BDgr-) 11112 1 6 2 ~  aW 4 &lA8 
wrmrtpbcawnm 
mz-lA W 9-125 h09+ Q10 MG(35Ograler) 12Jl2 1.71+ R10 09b *M 7 + z  9?3+2l W+zs  sB6+31 4E%+27 a9&18+35 
4 MC (393 &rain%] = m ~ ~ ~ m . a l 4 u o e  -3Sllgrd each 
' Mar% mewemem W p a . r e d ~ W R r e j e c t i o n m f e r ~ t c M + m k r ~ ~ d  
C ~cightsd1Mvnc11 nwml have beeatalcukW on log-Uans!%mned Or vdwr uJirra W. ['l)<H)dAmold and mk 
ukical sbmers  rorer hwekmdc&tedusinep. (l@cfBailey mdArnd6 (2006).&dlmlhuharecoasUtled.m t ' laarbr~dlfmewelghtcd skmmssvalutisgredm.fhan h e  tDfIerpondlnatAUml 
sk~wneff valur 
tAM =cemra laparn~ ,  w3=3:paramctarminlmum modt1.hWblA.b r m r  ~nlmur&wgsmadal [Lalb al., 19991. 
&an+ total uncmhw ( ~ a ' r ~ p n ~ c n a c ~ ' m t v i t ~ ,  taku tte8 a tbrqu*lraticaumo~mcnndwnand r y l m  urrumtnlei : Tdtal u r r d f y  b c l d m m  a ryUernadr componem of1ZYwdand TAOI labwwry bera-wmme &atson 
P I 4  pm-map lihwv. In ha- been cakuli id ur-bg+uhl I& k r  %emultisim aliquot reearnramems ( r e e d  wt Tor de@l 
' 1hemodem~oguer~kura4~ol~~'hanro~redi~~tmtheprrposa o f ~ r & d n a i ~ v a l u e r m T l ! k  r e d i r n s n r a r y ~ ~ w i t ~ r  mtpartiEalmm$aslrrsdmindrupmrad~e~fo. thk-pk 
we haw eot a rmalasm. Wradiegrarp h,) wa akonot mewed QI mk sample.. 
W k  3 
Summar&! rtausun for tk l7rSLLl. measuremenq agede l  re3ultr and Anal ageraftteSmra da 16s H- mmpler 
%%nmle Slmk Gm& T d d o r e  a m a n d  k ~ m e d l  Wershfed tnUcd CAM -W FMM redus 
m D. wps: m (npo grab) = mlti-grain allqw~ rontatnlq -1iao$rab each, $c (lagtm8) = si4glesam meawmm~ mtatmng - la pdru pergah-hole pos~tion 
* Nub MD, rnsasuremmD that pas& the m rdezwn cNlarla(mtal tlumber d@ns  W mdU-pan nUquat3 aMlysad 
c wsighbi & m e s s  awn haw been ulcu laredanbg- tran~lod  D.valucp using Eqs (WB) of Amold and Roberrs [Zlla)). 
Olbralrkewne~rmrerhaVeheencalculrted uullgb (16) oFBatlay a n d h  YS)D.dtrmbu5twara~waldered m beugn&mtiyrLRved t f ~ ~ 5 l ~ r r  &lee g eate  thantberMqondlngolbral 
3kewsc-m *due 
* C4M = rentral age model (Galbralth et a1 1999). FMM = tir!eniewd . ralth and Green 19901 
Meam 4 bQl unmrmmqr [6W r&nc& Intenall c#Lxldted m ttrmudndr mm orthe r d w ,  a d  r) lkmaUC 
8 Toe1 u ~ t y ~ ~ ~  a*= mmnonent oFi2%rmxlaredw& l a b r a w  bw-murte caltha*m 
Y1~Iaw [rhommtmld)luvs bcm Wulated u r i n g W u M D . f w ~ s p e l i n g l e p r t l n n d 6 L  [S1 main Dxf for W P )  
' TheFMM was srted by*@ h e  mmnwnowrdlsprsionpalam~(6h)befween5 and3wandlrrcemcnuWhreaslq&thespsWednmberoPlracmnprmcnfs mtmM wamctcrvahres slmvn h n e m  oblahtd 
NomtheOpllmumfm flt[Le,tht fltruimW*me3tBlcscorc Arnold and Robertr 2009). WI@ tMS apptmch, W&dirumutlonsoPsRla-lh SmZ-aR and SHl2-Uafe shown m cwtdin aslageMse mmmnent [Kt> 
w h e r s a s ~ 5 H l k 3 A o l ~ f w o d & r e t e d a a e p m u l a U a n t ( K ,  a n d f i ) . T b e m h a r m t ~ ~ p L e d m  themulti-naia&dataaetotW125hbecmsaitisonh, sultablt tor nsewlthsl~~le-arainD. datasets (Amoldand 
. . 
Robertr 2009) 
"ermderntnalqucsmplewd~ cQUstRifmmsuha s e m  forthepurpose otawpaang&dud&velueaAa ltwasmtpaaiulbmsa~~~~ein&~dawrdtef0rfha~webawnOfcalcuIs~a~1 
W 
Magnetameter (Miuarnag 3970 VSM). Specimens were s t m d  in a 
W-metal shielded cylindrical can dlolng analysis to w e n t  acqui- 
sition of viscous magnetisation. 
In addinon to acquiring the primary magnetisation, it is well 
known that rocky materials can aquire secondary magnetisations 
as a result of natural prmesses such as weathering heating for an 
extended time and diagenesis. Moreover, materials can be art& 
cially magnetised by proximity to stmng magnetic fields during 
samplim, drillinz. transportation, and storane. One of the malor 
ta& in-& pakeamagnitic study is to reso6e the Natural R- 
nent Maxnetisatmn. i.e. the sum of all mam@tisations carried bv a 
rock. into its constituent primary and secondary components. For 
this purpose. lmth thermal and alternating field demignetisation 
were used to isolate the Characteristic Remanent Marnetisation 
(CNIM) comgonent. The ChRM directions were mlcul&d for all 
specimens using Principal Component Analysis (Kaschvlnk. 1980), 
guided bv visual inspection of orthomnal demaxnetisatian ~bts 
(Z~jderveid. 1967). &an directions and associated statisticai p* 
rameters were estimated usinn Flsher's 11953) method (disoersion 
k and confidence angle 
Lumimnce dating results and analyser 
Representadve plR-lRazs/lT-OS1 decay curws and dose- 
response curves for grains/aliquots that p m e d  the SAR quality 
assurance criteria are shown in Fig. 4. The glR-IQ25 L, signals 
typically decay to <5% of initial mtensities within the first 100- 
150 s of stimulation and reach stable background levels within the 
last50 s of stimulation (e.g., Fig. 4a) The asaciated plR-lR125 multi- 
grain aiquot doserespoise cuNes are generally wa-rapresented 
bv either a sinale saturatina exrronential Iunctlan or a saturating 
- .  
eigonential plis linear function. The accepted quartz grains typi- 
cally display T, (200 Gy) TT-OSL signals of 100-500 ctsl0.17 S (e.g. 
Fig. 4b). HoMnever, all samples contain a small number of relatively 
bright accepted pains (@g.. Fig. 4) displaying T, IT-L signal 
Intensitles >l000 countsjO.17 s (Fig. Slb) Single-grain TT- 
dose-response curves disglay more intresample variability than 
their muld-grain aliquot P R - E 2 5  munterparts but are generally 
characterised by continued signal grmth at very high (I@ Cy] 
doses and are well-represented by a single saturating expanentiil 
function (e.g., Fig. 4 b c )  
Modern analogue residuol cdaPes 
TabIes 4 and 5 summarise the D. values and aw estimates o b  
talned fm the Sima samples. Also &cluded in th&e tables are the 
weighted mean D. results obtained for the mcdern samde ISH12- . . 
5 ~ ~ m l l e c t e d  outside the cavemouth, The average PIR-IR~E andTJ- 
OSl residual domes for this sample are 7.3 A 0.8Gy-and 7 3  4 13 Cy, 
resueccivelv. mess  natural D, residuals are conmarable with those 
obt'ained modem samples in previous V-0% studies 
(e.g.. Wanget al.. 2006a; Parat et al.. 2009: Stevens et al. ZOO3)and 
previous pIR-IRn5 studies (e.& Thomsen et al.. 2008; Buylaert 
et al.. 2009). They are also consbt@nt with the range of residual 
IRSL doses measured far a wider range of present-day surface 
sediments in the surroundings of the Sierra de Atapuerca (Eerger 
et al., 2008). The residual D, values of SHlbSA are hrgeiy inmn- 
squential in comparison with the empirical D, values measured 
for theSima samples: equatingto <lZoEtheweighted meanquartz 
D, values and <0.77% oEhe weighted mean K-feispar D, estimates 
for samples SH12-1A to SH12-4k As such, we have not considered 
an addiiional residual dose subtraction in the age estimates p t e  
sented inTables 4 and 5. W s e  results provia goodsupport for the 
-tidy well-bleached nature 01 the Sima source sediments 
prior m their transportation into the cave system. The residual D, 
values would correspond to age o f i t s  of only - 3 4  ka if the Sima 
sample had been sourced fmm similar surface deposits in the past. 
A m  slrh wstematic biases m u l d  be well within the existine 1a 
uncertainti@s of our final ages 
@R-lRzs 4 results 
The multi-pin aliquot K-feldspar DC distributions (Flg. 5) each 
mver a fairlv limited ranneof doxs  [relative D, ranxe =0.164.321: 
- 
they are consistent with a single dose population centred on the 
wlghted mean D, value (as indlcared &-the large proponlon of 
alisuors lvii~a within the a r e  bands in Ilr i) and thev are not 
m"sider@i tobe significanilyikmved at the95ic.1. when-assessed 
using a b g  weighted skewness test (Amold and Roberts. 2009. 
20111. The D. distributiow all display very low overdispersion 
values of4-7% (Table 4). wbich sug& that any dose dis&rsion 
orininatinn fmrn sources such as oartial bleachinn are relativelv 
unimportant in relatian to the size of the exirrting D, measurement 
unceminties. While it is dimcult to rule out multi-grain averaging 
effects in any muld-@n aliquot sntdy (rg, Demuro et al.. 2008. 
2013; Arnold and Roberts, 2003: Arnold et al.. 20131 theappw- 
ently fully bleached nature of these samgles is consbtent withthe 
multi-grain aliquot results obtained for the modem analogue. 
Moreover, the effects of any undetectable, averaged-out residual 
doses should be relat idv minor in this instance d w n  the v m  
laree doses absorbed b i t h e  sediments during tceir vrohn& 
b& periods. In light oE these multi-grain aliq&t L), charact- 
tics. we haw estimated the final burial doses fmm @ach samule's 
weighted mean& estimate, calculated using the central age model 
(CAM) of Calbraith et al. (19992. For comparative purpses. Table 4 
alra shows the D, values and conespanding ages obtained using 
the 3- and &parameter minimum age models (MAM-3. MAM-4) of 
Galbraith et al. (1999). The MAM-3 and MAM-4 plR-[Rm ages are 
mnsistent with their CAM countmarts at 1a for all four Sima 
samples, indicating that our final cjlronolo@es are insensitive to 
age model choice or assumptions concerning bleaching history. 
Ta a s s s  the long-term (athermal) stabil~ty of the plR-IRZz5 
slgnal, we undertook anomalous fadlng measurements on three of 
the aliquats used to derive De values for each sample. Laharatory 
fadngrateswre measured uslngthe plR-IRaas SARpmtwolshown 
2a, following the procedure suggested by Auclalr et al 
After D, measurements were completed, allauots were 
suujrrrd to a series of nine r e p t e d  5AR l$X measu&nents that 
included different storane oer ids  after each reeenerativedose 
weheat step lie.. betwein stew 2 and 3 in Table ;a). mlhe storaw 
hmesincluded in these  repeat^*/^, cydesvaried between 'prompt' 
measurements of 0.17 h m maximum ddavs of 24 h. The total delav 
times used to calculate fading rates comprise half of the L, irradi- 
atbn time, the intervening preheating and thermal ramping times, 
carousel rotation times between measurements, and the storage 
perMs. Empirical ikding rates were quantified in terms of the g- 
value (Aitken. 1985). which expresses the percentage decrease fn 
sensitivity-corr~tai plR-IR fignal p@r decade of storage time since 
M i a t i i a n  lheg-values were detennioed fmm the repeated WT, 
values using Eq. (4) of Huntley and Lamothe (2001), and were 
subsequently normalised to a measurement delay time of- days 
(g2dily3 m enable direct comparisons with previously published 
valuer 
The glR-IQ25 laboratory lading rates obtained for the Sbna 
samples are allverylow(Table 4). Weighted meang-values for each 
(b) SH12-2A 
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F j y p  5. Multi-grain alfqmt &feldspar pm-IRps D, dht-ibution$ for the four SH12 samples, shown a$ radial plots The De value for each aliquat Ls read by drawing a line fmm the 
&gin ofthey-axis ~St tndmbed Estimate'), through the data point of interest to the radial axis (plotted on a log scale) on the nght-hand side, the point of intersection is the D, (in 
Gy), The measurementermr on this Re is obtained by extending a line vertically to the x-axis, where the point of intersection is the relahve standard error (shown as a percentage of 
&eDevaIut) and ib reciprocal (Tredsion') In radial plots, the most precise eshmates fall furthest to the nght, and the least precise estimates fall furthest to the left Here, the grey 
W are cenQed on the weighted mean D- v a k  used to calculate the p I R - T b  ages, which we est~mated using the central age model of 
sample ranged between 1.19 * 0.07% and 1.71 * O.lO%/decade, and replicate pIR-IR225 and pIR-IR2go fading rates reported so far in the 
the combined weighted average g-values for all individual aliquots literature for the same samples are statistically indistinguishable 
(n = 12) was 1.47 * 0.07%/decade. By comparison, weighted mean from each other at 20 (e.g., Buylaert et al., 2011; Lowick et al., 2012; 
g-values obtained using the conventional IRSL signal (measured as 'asiliniuc et al., 2012). Additionally, there is evi- 
part of the pIR-IR2z5 SAR protocol: IR50j225) were much higher, uen~e LU sugge~ that natural pR-1Rzm (and pIR-IRzu) signals can 
ranging between 2.75 * 0.26% and 3.52 * 0.14%/decade per sample. 
These results are consistent with previous observations (e.g., 
Thomsen et al., 2008; Buylaert et al., 2009), which suggest that pIR- 
IR signals are inherently more stable than conventional IRSL sig- 
nals. The pIR-IR2z5 g-values are also in good agreement with pre- 
viously published P I R - I R ~ ~ ~  fading rates, which typically vary 
between - l-2%/decade (e.g.. Thomsen et al., 2008; Buylaert et al.. 
2009, 2011; [Cars et , owick et al., 2012; Roberts, 201 
Vasiliniuc et al., 2012). 
reach field-saturation in some samples and are therefore seemingly 
unaffected by anomalous fading (e.g., Buylaert et 
et al., 2011; ICars et al., 2012; Vasiliniuc et al., 2012). lnese collet- 
tiw observations have led to suggestions that the very low g-values 
measured for pIR-IR signals are likely to be an artefact of laboratory 
measurement procedures (e.g., they could be caused by unreliable 
sensitivity correction following storage) and that they do not 
ecessarily provide reliable estimates of anomalous fading (e.g., 
uylaert et al., 2012; Roberts, 2012). If this is the case, fading cor- 
A number of studies have demonstrated good agreement be- .-.dons based on potentially problematic g-value assessments may 
tween P I R - I ~ ~ ~  ages that have not been corrected for fading and actually introduce additional age uncertainties. Additional support 
associated age control for samples that display g-values of 1-2%] for this interpretation comes from g-value measurements per- 
decade (e.g., Gliganic et al., 2012b; ICars et al., 2012; Roberts, 2012). formed on quartz, which does not typically suffer from anomaIous 
In several cases, uncorrected PIR-IR~~ ages appear equally, if not fading. Empirical g-values measured for various quartz samples by 
more, reliable in comparison to uncorrected pIR-IRm ages for Thiel et al. (2011) and Buylaert et al. (2012) ranged between 0.8- 
known-age sample. uylaert et a Lowick et al., 2012; I.l)%ldecade at 2u, suggesting that pIR-IR fading rates may be 
Roberts, 2012; Vas uc et al., 21 . It is worth noting that overestimated by a similar order of magnitude. 
Relative error (%) 
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Figme 6. Singlsgrain qmtzIT-OSLD, distt5bution.s for the four SHl2 sampler, shown as radial plots. For samples SH12-l& SH12-2A and SH124, the grey bands are centled on 
the weighted mean D.values wed to calculate the T T G L  ages, which we estimateclusing the central age made1 of Galbralth et a1 (1999). Forsample SH12-3A, the weighted mean 
burial dose estimate d t h e  dominant FMM component (i.e. that mntainrng the highest proportion of indnrihl D, values) b shown as a darkgrey shaded band on the radial plot 
The additional dose component identified by the optimum W fit is shown as a light grey shaded band on the radii plot. The percentage of grains associated with each fltted FMM 
component is also shown on the radial plots. The weighbed mean D= value used to calculate the TTUSL age of thir sample is shown as a dashed band 
The low pIR-IR225 fading rates obtained in the present study samples that have not been affected by post-depositional mixing 
(Table 4) suggest that the signal being used for dating is potentially (see summary in Arnold and Roberts, 2009). The single-grain ?T- 
as stable as that reported elsewhere for pIR-IR2g0 and quartz OSL OSL radial plots do not display distinct 'leading-edges' of b w  D, 
procedures. Taking into consideration this factor, as well as pub- values or elongated, asymmetric 'tails' of higher De values, which 
lished evidence suggesting that such low empirical fading rates are characteristic of partially bleached single-grain D, distributions 
may be unreliable or artefacts of laboratory procedures (e.g., (e.g., Olley et al., 1999,2004; Arnold et al., 2007,2009). Any residual 
rlaert et al., 2012; Lowick l., 2012; Roberts, 2012, Vasiliniuc doses arising from insufficient bleaching therefore appears to have 
r al., 2012) we have not appliec been relatively minor compared with the large burial doses accu- 
P I R - I R ~ ~ ~  ages of the Sima samolf mulated by these deposits. The absence of multiple dose compo- 
nents in the single-grain 4 distributior ) also suggests 
TI-OSL D, results that sediment mixing (e.g., Arnold et al., L U l 3 )  ana betadose het- 
erogeneity in the natural burial environment (e.g., Jacobs et al., 
Samples SH12-lA, SH12-2A and SH12-4A share similar, homo- 2008) are unimportant. Finally, the single-grain TT-OSL Re distri- 
geneous single-grain TT-OSL D, distributions (Fig. 6a,b,d) charac- butions are consistent with the corresponding multi-grain aliquot 
terised by moderate dose dispersion (relative D, range = 1.3-1.4), pIR-Ikz5 D, characteristics forthese three samples, lending further 
single dose populations that are not significantly skewed according support to the interpretation that these samples were fully 
to the criterion outlined by Arnold and Roberts (2011), D, scatter bleached prior to deposition and remained in situ thereafter. We 
that is well-represented by the weighted mean band at 2u, and low have therefore used the CAM to derive representative burial dose 
overdispersion values of 20-23% (Table 5). The individual over- estimates and final ages. Multi-grain ( -  1100 grain) aliquot n-OSL 
dispersion estimates are all consistent with a value of ~ 2 0 %  at 1u measurements made on sample SH12-2A yielded a weighted mean 
and <15% at 2u, and are in agreement with published single-grain natural Devalue of 795 i 97 Gy (n = 5) and a corresponding age of 
OSL overdispersion datasets for ideal, well-bleached sedimentary 458 i 65 ka. Both the single-grain and multi-grain aliquot replicate 
ages for this sample are consistent at lo(Table 5), providing added 
confidence in the final burial dose estimates. 
The single-grain TT-OSL D, distribution for samole SH12-3A is 
distinctly different from its n;ighbouring samples (Fig. 6c). This D, 
dataset displays a large amount of scatter (relative D, range = 1.7) 
and a significant proportion of individual D, values fall outside the 
2o standardised estimate of the CAM burial dose. The D, distribu- 
tion also shows statistically significant negative skewness at 95% 
C.1. and has a higher overdispersionvalue 0142% h l i c a t i o n  of the 
fin~te mmture model (FMM) (Galbra~th and Green;i990) uslng the 
 molem men tat ion onxedure outhned m the suoolementan, infor- 
. -  . . 
mation of Arnold et al. (2013) confirmed the presence of multiple 
dose populations in this dataset. The results 'f the optimum FMM 
fit (obtained using an overdisoersion oarameter of 20%: which is 
consistent with empirical values obtained for the well-bleached. 
unmixed D, datasets of samples SHl2-IA. 2A and 4A) are sum- 
marised inTable 5 and reveals twodiscrete burial dose wpulations: 
a major dose population (containing 85% of D, values) centred on 
844 + 43 Gv. and a smaller comoonent (containing 15% of D. 
- .  
values) with a mean dose of 319 + 46 Gy (Fig. 6c). Various extrinsic 
(fieM-related) and/or intrinsic (experimentally derived) sources of 
D, scatter could exolain the oresence of these two discrete dose 
populations, and these factors are discussed in further detail in the 
SOM. Taking into consideration the stratigraphic context, sedi- 
mentay histoy and D, characteristics of SH12-3A (and bracketing 
samples), we would suggest that spatial variations in the beta dose 
rate experienced by individual grains could explain the high dose 
overdispersion of this sample. 
~ s s - i n ~  that the twodiscrete dose components of SHl2-3A 
can be exolained bv small-scale differences in beta dose rates. it 
follows t iat  the dulk (sample-average) dose rate will not be 
representative of that experienced by either dose component dur- 
ing burial. There are differing views on how to derive aoorooriate 
- - .. . 
age estimates from such complex D, datasets, namely whether to 
calculate beta-adjusted dose rates for separate dose components 
(e.g.. Jacobs et al.. 2008) or whether to use the sample-averaged 
beta dose rate in conjunction with a weighted mean De estimate 
for the combined D, dataset (e.g, Guerin et al.. 2013). We have 
applied these two approaches to the SH12-3A D, dataset and both 
yiild consistent ~T:OSL age estimates. Specifically, the CAM age 
derived using the aooroach of Guerin et al. 12013) 1396 + 35 ka) 
- . . , , 
overlaps at l a  with the F'MM age obtained for the main dose 
component uslng either the sample-average dose rate 
1458 &3!3k: Table 51 or the beta-adiusted dose rate calculat~on of 
jacobs et al. '(2008) (445 + 38 ka). '~erivin~ component-specific 
environmental dose rates for the two FMM dose populations re- 
mains an open-ended problem in the present context, since there 
are too many unconstrained parameters to retrospectively recon- 
struct accurate in situdose rate geometries for the measured grains. 
In the absence of a more definitive solution, therefore, we have 
pragmatically used the CAM D, and sample-averaged beta dose 
rate to derive the final age estimate for this sample. The overall 
consistency of the resulksubtained using the approaches ofJacobs 
et al. (2008) and Guerin et al. (2013) prbvides-"s with confidence 
that our final age model selection is reliable within empirical 
- 
uncertainties. 
Palaeomagnetic results and analyses 
Most of the clay samples taken from the cafe con leche and 
fossiliferous red clay units showed stable behaviour during 
demagnetisation, leading to an accepted-to-measured specimen 
ratio of 0.8 (Table 1). Bath alternating field (AF) and thermal 
demagnetisation produced similar results, hence the former was 
chosen for the majorityof the samples collected. Maximum AF peak 
fields of about 40 mTor temperatures of around MO "C were high 
enough to isolate the ChRM directions in the clay samples (Fig. 7a 
and bl. These observations suggest that magnetite is the main 
-- 
carrieiof stable remanence in the sediment~, knsistent with pre- 
vious results for similar sediments from theTrinchera de Ataouerca 
sites (e.g.. Pares and Perez-Gonzilez. 1995.1999; Pares et al.. 2010). 
and from other cave deposits (e.g.. Eos6k and Pruner, 2011). The 
hysteresis curves are also indicative of a low coercivlty magnetic 
phase, and the associated M,/M, and Hcr/Hr ratios reveal magnetite 
in the pseudo-single domain (Fig. 8a). The ChRM directions for the 
cafe con leche clays, hominin-bearing upper red clays and sterile 
lower red clays are north directed and have positive inclination. 
producing Virtual Geomagnetic Pole gwsitions-that cluster around 
the north geomagnetic pole. The normal oolarities for these sedi- 
merits are consistent with the luminescence dating results ob- 
tained on the cafe con leche horizons and fossil evidence for a 
fifl;,+tl- PI-tstocene age for the red clay deposits (Eischoff et al.. 
ca-Eesc6s et al.. 1997; Garcia et al.. 1997; Garcia and 
. U). The palaeomagnetic results therefore confirm that 
the hominin fossil horizon accumulated during the Brunhes Chron. 
and is younger than 780 ka. 
The ST and SRA flowstone sampls were also generally well- 
behaved u p n  thermal or alternating field demagnetisation. Typi- 
cally, a sof&omponentwasremoved by 10 mTor 1% "C, above which 
the demagnetisation decayed linearly towards the origin in the Zy- 
derveld diagrams (Fig. 7c). Both thermal and alternating field 
demaenetisation oroduced similar ChRM directions. In all cases. the U 
ChRM directions are north directed and have positive inclinations. 
The palaeomagneticdirections recorded by the~u-10. U - 8  and LU-2 
flowstones are all statisticallv indistinguishable from the exoected 
reference direction for a normal polarity pole during the Pleistocene. 
which suggests that these speleothemshave not been tilted (hori- 
zontaliy orvertically) since their formation and most likely formed in 
their present locations and orientations. Maximum unblocking 
temoeratures 1590 "C). median destructive field. and IRM acouisition 
curves (Fig. 8b) suggest the presence of magnetite as the main 
ferromagnetic mineral responsible for the remanence. These trends 
are consistent with previous results obtained for other flowstones 
from neighbouring Ataguerca archaeological sites (e.g. Pares and 
Perez-Gonzilez. 1995.1999; Par& et al.. 2010). as well aswim spe- 
leothem rock-magnetismstudi.i@sundertaken elsewhere(Iatham and 
Ford. 1993; Perkins and Maher, 1993). These observations provide us 
with confidence that the magnetisation of the sediments and flow- 
stones is primay rather than seconday, and reflects the polarity of 
the geomagnetic field at the time of deposition. As such, the palae- 
omagnetic samples are considered suitable for geochronological 
purposes. In the case of speleothems LU-10 and LU-8, which overlie 
the luminescence dated cafe con leche horizon, the n m a l  polarity 
results can be confidently interpreted as corresponding to the 
Brunhes Chron. Ascertaining a correswnding geomagnetic chron for 
the underlying spelwthem(LL-2) a;= is 1;s; straightforward The 
oalaeomaenetic directions for soeleothem LU-2 are consistent with 
formation during the Brunhes Chron, but we cannot rule out the 
possibility that they may pertain to a subchrm (e.g..Jaramillo, Cobb 
Mountain) or a shorter-lived normal wlaritv event ie.~. .  Santa Rosa. 
. - 
~amikats"ra) within the Matuyama fhmn. 
oiscussion 
Revised minimum age constraint for the Sima hominin fossils 
Both the 7T-OSL and P I R - I R ~ ~ ~  chronological datasets are inter- 
nallv consistent and statisticallv indistinguishable at l o  (Tables 4 
and5). Replicate 7T-OSL and ~ ~ R - I R ~ ~ ~  ages obtained fo; individ- 
ual samples are also in agreement at l o  (Fig. 2c), lending support to 
SH upper red clays 
NRM=0.141 E-l Alm 
SRA upper red clays (b) 
~ ~ ~ = 0 . 2 6 4 ~ - 2  Alm 
SRA flowstone LU-10 
U a W  SRAI-1OB 
F@WE 7. Pakmmpefrc &Q far MI upper Mul days, (b) BRA upper red clays and (c) &M W-10 Lwtane sampIty. &m& of pi%@wW tkennal and altemzidf field 
demap?tidon d ' q l q d  ByvecCor @nd paint I q ~ a m s  (Z~jderveld. 1967) km qmmtfative samplabarhdata point reps~sen&the&tud lkmanent Magnethatinn {W end 
mm Far 4ncEVietual demga&ddan step6 pMm& onto the horimnd Cdm) and wjzkal topen $q~mw] pldde rSumbrs s?&wrn m mgmtidon @dm biimw the 
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the reliability of our extended-range luminescence dating ap- 
proaches at this site. The lack of a distinguishable age-depth profile 
for the three caf6 con leche samples reveals a relatively rapid 
accumulation by one or more depositional episodes spanning a 
period that is shorter than our empirical error ranges. The internal 
consistency of the two chronological datasets permits calculation of 
a weighted mean 7T-OSL age of 416 * 19 l<a and a weighted mean 
pIR-IR2z5 age of 433 * 15 l<a for the caf6 con leche unit. The pooled 
weighted mean luminescence age for this horizon (n = 6) is 
therefore 427 * 12 l<a. These results indicate sediment deposition 
during early Marine Isotope Stage (MIS) 11 or the terminal stages of 
late MIS 12 (Lisiecki and Raymo, 2005), and provide corresponding 
minimum age estimates for the underlying red clay archaeological 
horizon. 
There has been some debate in the literature over the thermal 
stability of the 7T-OSL signal and, in particular, whether the lifetime 
of the 7T-OSL trap is sufficient enough to enable reliable age 
determination over Middle to Early Pleistocene timescales in 
different thermal environments (e.g., Adamiec et  aL, 2010; Jacobs 
t al., 2011; Duller and Wintle, 2012; 'Ihiel et al.. 2012). Adamiec 
t al. (2010) calculated an electron-retention lifetime for the 7T- 
OSL source trap of -4.5 Ma at a storage temperature of 10 "C. 
This predicted lifetime is three orders of magnitude lower than for 
the source trap giving rise to the conventional (fast component) 
OSL signal and implies that 7T-OSL ages may underestimate true 
burial ages by - 10% for a 1 Ma sample experiencing a long-term 
burial temperature of 10 "C. However, the uncertainties associ- 
ated with laboratory derived estimates of trap lifetimes (which are 
typically not quoted) are likely to be particularly broad owing to the 
difficulties of accurately and precisely measuring kinetic parame- 
ters with standard luminescence measurements (Aitken, 1985, 
ller ntle, 2012). It is also unclear whether the limited 
number or laboratory lifetime measurements made so far 
adequately reflects possible variations in 7T-OSL thermal stabilities 
between samples from different geological provenances, and - in 
the case of single-grain 7T-OSL measurements - whether they are 
suitably representative of inter-grain variations within a given 
sample. Indeed, accurate 7T-OSL ages have been reported for a 
range of Early and Middle Pleistocene samples that either have 
assaciated independent age an t r a l  (e.g,, Wang et al., 2006a; Sun 
et  aL, 2010; Arnold et  aL, 2013; Pickering et al., 2013) or have 
comparative conventional luminescence chronologies (e.g., Jacobs 
et al., 2011; Arnold et al., 2013). These empirical results reveal 
that, for some localities at least, 7T-OSL appear to produce reliable 
age estimates over timescales that would othemise not be antici- 
pated from existing lifetime calculations. 
Regardless of discussions about the long-term stabiliry of the IT- 
OSL signal, the potential implications for our single-grain n-OSL 
ages appear to be relatively unimportant. Closed cave chambers 
such as Sima de 10s Huesos represent ideal thermal environments 
for Middle Pleistocene TT-OSL applications because the tempera- 
ture (and moisture) conditions are naturally regulated and remain 
effectively constant over diurnal, seasonal and annual timescales. 
Present-day temperatures inside the deeper chambers of Cueva 
Mavnr arp rharacterised by a stable temperature of - 10 "C [Martin- 
t et al., 20111. If we assume that the laboratory lifetime 
measurements of Adamiec et al. (2010) are directly applicable to 
our samples, the expeeted TT-OSL age underestimation would only 
1 
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ngUR 8. Rock-magnetic results from representative samples. (a) Hysteresis curves for 
three upper, lower and  ans sit tonal upper-lower red day samples, and 'Day plof (Day 
et al., 1977). Mr/k  and Hcr/Hc m the ratio of saturation rernanence to saturation 
mapetisation, and the ratio of remanent cwrciw force to ordinary coercive force, 
respectidy, All dara points have MrMs ratios of about 05, and Hcr/Hc ratios of 2.0, 
reveahg magnetite m the pseudo-single domain (Pm) range (b) Irotbermal Rema- 
nent Magnemation (IRM} acqmition m e s  for represenmtrtrve samples of flowstone 
UI-10. All awes  show a very rap~d acquisitron of remanence up to 02 T, and only a 
very slight inmase up to l T, indicating that magn~tite is the main remanence carrier 
in the flowstone. 
amount to - 4.7% according to the fractional loss equation of 
(1985:59), Moreover, this value would likely represent an upper- 
most estimate of long-term TT-OSL signal loss over the sample 
burial periods because average cave temperatures across the 
northern lberian Peninsula are thouglht to have been lower during 
past glaciaI stages (e.g., More l., 2010). The difference be- 
tween the measured weightra mean n-OSL age for the caf& con 
leche sediments (416 + 19 ka) and the revised age obtained using a 
signal loss correction factor of 4.7% (436 + 21 ka) is statistically 
insignificant a t  la.  Given the similarity of these results, we can be 
reasonably confident that our existing single-grain n 4 S L  ages are 
not masking any significant systematic biases arising from thermal 
instability. 
In deriving a final ?T-OSL age for the cafk con leche sediments 
we would favour the original, rather than corrected, weighted 
mean TT-OSL age of 416 k 19 ka because there are insufficient 
constraints on the precision of the published lifetime estimates and 
on their direct applicability to our single-grain TT-OSL results. It is 
notable that the replicate pIR-I%= ages for all three of the cafe con 
leche samples are consistent with both the original TT-OSL ages and 
the revised TT-OSL ages obtained using an additional thermal sta- 
bility correction. All things being equal, these results would support 
our earlier contention that an empirical fading correction does not 
appear to be necessary for the plR-Ik25 signals of these samples. 
Obtaining replicate ages using two independent luminescence 
signals therefore provides a useful additional check on dating 
reliability in this study. 
The replicate single-grain TT-OSL ages and pIR-IRZz5 ages for the 
capping clay breccia (sample SH12-4A) are indistinguishable, and 
are also in agreement with the luminescence ages obtained for the 
underlying cafe con leche deposits. Taken at face value, the corre- 
spondence between the caf6 con leche and the capping clay breccia 
ages might appear contradictory given that the latter sediments 
overlie a prominent flowstone that has been previously dated to 
-18-68 ka (Bischoff et al., 1997). However, the older than- 
expected ages for SH124A are consistent with the common sedi- 
mentological properties of these two yellowish brown clay hori- 
zons and the latest lithostratigraphic interpretations, which 
canfirma shared origin for the two deposits. As detailed in Arsuaga 
et al. (submitted), the capping clay breccia is not thought to 
represent a new infilling event of allochthonous sediments sourced 
directly from outside the cave. Instead the matrix originates from 
internal reworking of cafk con leche sediments that had previously 
accumulated as chimney 'plugs' during the original high-energy 
debris flow event (i.e., U]-7). Sometime after the formation of the 
colada flowstone at -- 18-68 ka, these 4 6  con leche chimney ac- 
cumulations fell (by gravity) onto the floor of the Sima ramp, where 
they were consolidated to form the matrix of the capping clay 
breccia. The age equivalence obtained in the present study for the 
main cafe con leche horizon and the capping clay breccia would 
appear to confirm these sedimentological interpretations. The 
agreement between the replicate TT-13SL and p1R-]RU5 ages for 
SH12-4A is also consistent with the suggestion that the capping 
clay k c c i a  was re-transported and re-deposited within a closed 
cave system without being subjected to any daylight exposure. If 
this was not the case, the two luminescence dating signals would 
likely display markedly different residual D, vaIues on account of 
their distinctly different bleaching sensitivities. In efFect, sample 
SH12-4A represents a homogeneously 'unbleached' sample; i.e., the 
burial event recorded by its natural luminescence signals pertains 
to the penuItimate, rather than the most recent, erosion-trans- 
portation-deposition cycle, Sample SH124A serves as a useful 
example of how an understanding of site accumulation processes 
can be critical for accurately interpreting luminescence dating 
datasets in complex cave environments. 
37, Garcia and Arsuaga. i ); hence we have not inchded bin- ContPxhrolisnhn md brplicndom ofthe new duonologies 
The bracketing ages obtained in this study using lumines~enrr 
dating and palaeomagnetism mnstrain the hominiwbwing S& 
m m  at Sima to -n 427 f 12 and -780 h To place there 
new ams into a broader chromrlwical context, we have summar- 
imd in- able 6 the reliabte numcrlcil and correla*ive a g e  published 
thus fir far Sima de los H w s .  Two chmnoloeicll t e c h h e s  have 
W 
previously been amlied to the wlimntary laues lying below the 
capping mlada f lawsbe4 name& (i) U d e s  dating of the ST-b 
(lowet SRA-3) and SF4 (uppe~ SR4-3) sgehthems at exmure  ST 
(FIS 2 )  (Hrscholl et  al. 2003. 20071; and (ii) pdaeamagMscdating 
chronalogical indicators in this age comparison. 
The mblished U-series ages for the SRA-3 spelwthern were 
originaliy presented as mmi6urn age constraint ;l the underlying 
archaeohgiral h a i m n  However, as already mentbned, recent 
exavattons have reveal4 that thls p r e v w  lnterpretahon was 
rncorrect and that the low@r part 01 SW-3 ( a -b )  r@pr@sents a 
signILicantly older generation af flowstone (LU-21 that actually 
underlies thelower red davs and the b a d  sands and silts [ A ~ s u ~ K ~  
et al , subnutted]. ~r;mi& series ages of 153 4 5 ka to 282% 
were obtain& on theuowr aartofSRA-3 usinn thermal-ionisation .. 
--rperhome'my (TIMSl[F31s~haiTet al ,200?) (Table 6),fireages 
of &a foss~lllerous red clays, srerlle red days and lw i  sands and lor tbispel@&~em. w h ~ h  corresponds to flowstone UI-8 at Sk.4 
siltsat !iHl Area A l  SHIArea B1 andSRB [Pares rr 21.20flnl Generalh, and overlies rhecaE con leche horizon. are in mod ameement with 
. . 
qmkingihe  m a c m  and m&-faunaimcards of the caf& con l@& (W, younger than) h a  lumnascence ages oh%nad h this %U@. A 
andupper redclay breccia horizons& notpermitwell-~onshained, non-finiteage d>3M lawas originay( obtained br the lowerpart 
unequivocal age wignabinn b e y d  that 05 the Lvaada early os of SW-3 speleothem using nMS (B~schoff et al. 2003). This age 
mid-hliddle Pleiswene ( C u m c a - m  e t  al., W ¶ :  Garda e t  aL &hate wasaubquently =vied vpwards to a minimum age of 
U 
RewGrktd calZ con leehe 
bmu [ b a t p r p o )  
capplns soelmthem IcoIada) 
W-l1 5 R M  S@l&grm T I 4 5 L  426$39 This Study 
SRM Mulfl'grilm pm-EL 417+ 27 M Study 
W-l0 5m m comentlonal 'k 17a$ U1 
i78d a1 
17.4 4 h1 
I B P ~  a1 
1834 a1 
CVP flowstone 
U-2 5T Paldeomapnetlsm >780? In = 61 This Study 
s p e k m m  S T - ~  W-2 ST ~alaemn+m n z ~ ?  [n = 2) ~ h k s t u d y  
The are presemed in mder olrkwir relarive mgraphrc pgMrms the lam Ilthostra@aphic schem (Fig. X), Published ages mat were not widered m be 
metbdologlcany reliable the or@hinal authon h e  ken omlftcd Irom ayathesk as haw qs that wete presented witlwut assotbted cnor raaaer, s u m  
medmdolsgiral deroipLh:, or rp&cdeeiIr o r s n p l i ~  positions 
>S30 (600t;) ka following reanalysis of the same material using 
multi-collec&r inductivel&coupled plasma mass-spectrometry 
[MC ICP-MS) (Eischoff et al.. 20071 (Table 61. The latest U-series 
ages for the'lawer part or S W ~ ,  which range from >S17 ka to 
>571 ka, are in shatigraphic agreement with the luminescence 
ages obtained for the overlying c&& con leche horizon. Interpre- 
tation of these U-series ages as a reliable maximum age for the 
hominin fossils is made complicated by the close proximity of the 
230~h/23% ratios to internal isotopic eauilibrium, as is apmrent 
from the large or non-finite upper error bounds. S ine  the existing 
U-series a e s  for the lower Dart of S W 3  are effectivelv minimum 
ages, they do not provide any additional constraint on whether the 
normal polarity interval reported here for the LU-2 speleothem 
corresponds to the Brunhes Chron or to a shorter-lived intra- 
Matuyama golarity subchron. 
The palmmagnetic results obtained in the present study for 70 
sediment samHes complement those published Dreviouslv at Sima 
de 10s ~ueso'(Par6s et al.. 2000) and help to Atend the spatial 
coveraze of the original oala@omametic dataset to include the catpi 
- .  
con leche horizon and red day horizons at several new exposure. 
Pares et al. (2000) reported a dominant normal polarity magnet- 
isation for the upper red clays in Sima areas A and B, consistent 
with our results for this horizon. However, that study also reported 
trxes of reversed magnetisatia, in some of the upper red clay 
samples, which suggested that additional magnetic acquisition 
could have taken place during one of several shor t - l id  polarity 
subchronswlthin the Brunhes Chron (e.g. Channell et al.. 2012). We 
do not see am, t race  of reversed wlaritv in our upver red clay 
samples, reiGofiy the original interpretation of bares et ai. 
120001 that the short duration of this reversal event (excursion or 
crypiochron], combined with the lower intensity of the geomag. 
neric field during the reversal phase, and prolonged diagenesis bf 
theclays thereafter, arelikely to have resulted in the preservationof 
rewrsed magnetisation in some samples but not in others. More- 
over the existence of localised areas of hieh wmsitv and concen- 
- .  < 
trated water drainae in the Sima chamber would have aka acted 
to restrict the zones displaying both normal and revers& mag- 
netisation haces in the red clav horizon. 
Four samples collect@d by pares et al. (2000) towards the baseof 
the non-fossiliferous lower red clays at exposure SRB p m d l ~ e d  
stable, south and upwards (reversed polarity) magnetisation di- 
rections (Table 61. Palammagnetic results obtained in the present 
study froma higher s~atigraphicprsitionwithin the sameunit(i.e.. 
closer to the contact with the v o w  red clavsl reveal exclusivelv 
normal polarities. There are s@veial possible-explanations for & 
apparent differences between these two sets of results: (i) spatial 
variations in the preserved dominant POlariN related to locally 
variable drainage ;nd porosity conditions in the Sirna chamber, a; 
detailed above: lii1 the basal Dart of the sterile lower red clavs was 
. .  . 
dewsited durinx the Matuyama Ulron, i.e.. before 780 ka, whereas 
th; upper part i f  this horizon was deposited during the Brunhes 
Chron [with or without an intervening hiatus): or (iiil the sterile .. . , 
lower red clay horizon was deposited during theMiddle Pkistocene 
and silt horlzon p k . ' ~  Area 'A of the Sima chambe;digplay a 
dominant reversed magnetisation (Table 6). The most conservative 
interpretation is that these sands and silts were dewsited durinx 
the Matuyama Chron >780 ka, since (i) the reversal is continuou~ 
and mans a sinnificant vertical coverage of sediment accumulation 
(-W cm); and (ii) this unit is sedimentohgically similar to a large 
sand body preserved in the nearby Sala de 10s Ciclopes, which is 
alsa of Matuyama age (Pares et al.. 2010). Nevertheless, direct nu- 
merical dating of the lawer red clays and the basal sand and silt 
deposits is required before this assertion can be confirmed. 
In sum, the combined palmmagnetic results from bath the 
Pares et al. (20OO)study and the currentworkprovide a statistically 
rippifieot sample dataset (11 exposures, 135 s p i m e n s )  and 
confirm that the hominin-bearing red clays were deposited during 
the Brunhes Chmn In the absence of additional radiometric age 
control, however, it remains difficult to assign a definitive 
geomagnetic polarity chmn to the underlying sediment horizons 
(lower red clavs. sands and silts. white marlsl and flowstones (LU- 
. - 
The revked shatigraphic interpretations of the existing U-series 
axes (Eischoff et al.. 20071 means that our new luminescence 
chronologtes &de the first unequtvocal minimum age contrd 
. . 
for the archaeological red clay horizon and the Sima hominin fos- 
sils. The stratigraphic relation between the luminescence ages and 
the archaeological horizon is well-constrained, since the sampks 
were collected fmm m t i a l h  continuous sedimentam infills with a 
clear and direct assrriation with the und@rlying archaeological 
clays. Our luminescence dating results for the id: con leche hori- 
zon are both reoroducible and orecix. and are based on two 
consistent luminescence datasets'hom different types of mineral 
grains. The luminescence ages are ako in goad agreement with 
bracketing U-series ages for the upper part of SW-3 (LU-B) and 
lower part ofSW-3 (IN-2) The robustness of the new ages for the 
archaeilogical horizon permits a more secure age assignation for 
the Sima hominin fossils, and enables more reliable comvarisons 
with other panecontemporanears ancestral Neanderthal ;@mains 
fmm across Europe. In particular, the new minimum age of 
427 + 12 ka for the Sima fossils isvounner than the 609 140  ka axe 
obtained for the H heidelbewn;is h&type at Mauer, ~e rmaiy ,  
usinn infrared radiofluorescenc@ datinn of bracketinn sediments 
and;ombined 5R-U-series dating of-herbivore te'th (Wagner 
et al. 2010) Ihe different@ betw@m thew two chronologies 
could be interpreted as being consistent with the mre 
Neandffthakderived morphologies (Arsuaga et al.. 1991. 1993. 
1997b) and dentition (Martin6n-Torres et al.. 2012) of the Sima 
fossils. However, our lum?nesceore dating results provide mini- 
mum age constraint for the Sima fossils, and therefore do not 
necessarily preclude a broadly contemporaneous age for the two 
ass@mblazes. The new age for the Sima fossils is also consistent 
with U-series ages of >350 ka obtained for speleothems overlying 
H heidelbernensis cranial and mandibular remains at the cave site of 
Arago in France (Falgueres et al.. 2004). Nonetheless, it is worth 
noting that the ~ r a &  agcs are limited by internal isotopic @qui- 
librium and they do notdirectly bracket the archawlogical horizon, 
hence representing non-finite (minimum) ages for the assaciated 
H heidelbemensir fossils. Subseouent attemots to refine the Araeo 
age controGsing combined ~ ~ ! i ~ - s @ r i s s  diting of herbivore tee& 
fmm the main archaeological horizon have unfortunately pruved 
problematic due to postdepositional geochemical alterations of 
the fossil-bearing s@diments (Han et al.. 2010). 
The luminesEence ages ~ d r  the Sima fossils are slightly older 
than the 4"~r139~r age of 353 f 4 ka obtained on a volcanoclastic 
layer fatmd immediately above the Ceprano cranium (Nomade 
et al.. 20111, which has been variously ciassified as a morphologi- 
d l v  primitive example of H heidelbe~ensis  ise.~.. Mounier et al.. 
206 jor a separate lineage that cwexisted withk. heidelbelgensis 
during the Middle Pleistocene (e.g., Manzi et al.. 2001; Mallegni 
et al.. 2003). Adding to the taxonomicalhr diverse mosaic of Mid- 
dle Reistocene ~uropean hominln recards is a recently dated 
mandible from Mala Balanica Cave. southern Serbia. which awears . . 
to. larL derived Neanderthal features (Rakotevit et al.. 2011; 
Roksindic et al.. 2011; Rink et al.. 2013). Minimum ages of be- 
hmen 397 and 525 ka have been obtained for this hominm 
mandible using luminescence (pIR-IRz25) dating of overlying xdi-  
ments and combined ESRIU-series dating of teeth found above the 

Duller and Wintle, 2Q12) oEfer a new set of geachronological tools MontrSal) for providing an Excel package to calculate K-feldspar 
for redressing previous methodological limitations. The develop hding rates. C Mac Niocaill and an anonymous reviewer are 
ment of more widespread and reliable age control is critical f~ thanked for their conshlwtive comments on this paper. 
unravelling the evolutionary histories and phylogenetic relation- 
ships of the European Middle Pleistocene record The new chro- Appendix k Sqqdementary material 
noloxies presented in this studv for Sima de 10s Huesos 
- .  
demonstrate the versatility o f I T & l  and glR-IR dating methods Supplementary material related to this article can be found at 
and highlight the potential role they could play in this endeavour. 
. W i ~ ~ W ~ ~ ~ * :  
To address uncertainties in existing chronological control at 
Sima de IosHuesas, we have obtained new minimuinage estimates 
for the hominin remains using two semi-indeoendent extended- 
range luminescence dating te;hnigues. From ihis latest geochro- 
noloeical studv. we can consham the aee of the cafe con leche clav 
b~@c& horizon to earlv MIS 11 or terminal MIS 12 and we are abi@ 
to provide a combined minimum age estimate of 427 & 12 ka for 
the underlvinnred clav breccia and its associated hominin remains. . 
Our luminescence ages are internally consistent and support pre- 
vious sedimentological interpretatmns that tlre cafe con Ieche ho- 
rizon was deposited during a relatively short-lived, high-energy 
flwding episode. The very small natural residual doses (-7 Gy) 
measured for a modern analogue provide confidence that these 
sediments were adequately bleached by prolonged sunlight expo- 
sure prior to depasition inside the cave system. Our novel single- 
grain TT-OSL appraach has also provided additional insight into 
dating suitabilitv at this potentially complex cave site, bv enablmz 
us to-&qlicitly issess th; extent of signal bleaching in the absence 
of multi-!&rain averaxine influences. The consistencv and reoro- 
" 
duobihty-of our sin!&gmin TT-OSL ages support th; recent find. 
inys "I .Ar#r8hl rl ~l.-'icliJ: and clrincri~strau~ti~r brwder p,rnl[ldl 
ofthlsan~roach lot rlatin~M~ddle Pleismene deno5irs1 ha1 conwin 
suitabl;i;right quartz grains. 
New palaeomagnetic analyses undertaken at exposures within 
the main Sima chamber and alone the Sima r a m  reveal that the 
car6 con lecheand upper red day b;@ccia were depbsited during the 
Brunhes Chron. confirmme the wevious results of Pares et al. - 
(2000). These correlative dating results provide a maximum age 
conshaintof -780 ka for the associated hominin fossils at Sima de 
Ins Huesos. Our newages provide an important piece of the puzzle 
for remnstructing the complex history of the Sima hominin 
assemblage, and are compatible with the latest genetic predictions 
for a H. nemdeltholensis-H. miens  diverzence sometime before 
-315 ka and no eallier than L781 ka. ~oiwever, there remains a 
clear need for more widesoread and imomved numerical chro- 
nology at other wuecontemoraneous sites to better resolve the 
evol;;ionary history and phylogenetic relationships of the Euo. 
pean Middle Pleistocene hominin fossil record. 
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